INTRODUCTION {#sec1-1}
============

To quote the first sentence of the recent comprehensive review by Stenmark and colleagues\[[@ref1]\] on animal models for pulmonary hypertension, "Pulmonary hypertension is not a disease *per se* but rather a pathophysiological parameter defined by a mean pulmonary arterial pressure exceeding the upper limits of normal, i.e. ≥25 mmHg at rest". Intrinsic to this understanding is that this chronic disease will perforce have many steps in its pathogenesis that follow one or, perhaps, more than one "initiating" event(s), likely different for different etiologies, which cascade through multiple pathways flowing both in series and parallel, culminating in the pathophysiological changes at the organ, tissue, cellular and subcellular levels evident as the eventual proliferative, obliterative and plexiform pulmonary arterial lesions characteristic of pulmonary arterial hypertension (PAH) \[[Figure 1](#F1){ref-type="fig"}\]. The focus of this review is on those aspects of the cell biology in PAH that relate to vascular remodeling.\[[@ref2]\]

![Representative histopathologic changes observed in idiopathic pulmonary hypertension. Sections of human lungs (Ctrl-A, IPAH-A and IPAH-B) were stained using H&E and imaged using a ×40 objective in visible light. Elastin autofl uoresence was simultaneously imaged in green and the visible light and autofluoresence images merged. Representative images showing neointimal proliferation (Prolif), obliterative (Oblit) and plexiform (Plex) lesions are illustrated. Side sets on the right show higher magnifi cation views of the boxed areas within panels in the middle column. (Adapted from ref. 2.)](PC-1-17-g001){#F1}

We were attracted to the question of dysfunctional intracellular trafficking in PAH by observations of an inverse relationship between the levels of the plasma membrane raft/caveolar protein caveolin-1 (cav-1) and development of PAH in the rat/monocrotaline model.\[[@ref3]\] The observations by Zhao and colleagues that *cav-1^-/-^* mice spontaneously developed pulmonary hypertension and dilated cardiomyopathy,\[[@ref4][@ref5]\] and reports that cav-1 and cav-2 were reduced in the cells in plexiform lesions in patients with severe PAH\[[@ref6]\] , heightened interest in this inverse relationship. Our initial focus in PAH was in terms of the structure and function of plasma membrane rafts and caveolae and the trafficking of vasorelevant proteins to such specialized subcellular regions on the cell surface and effects on the transmission of ligand-activated cell surface signals to the cell interior \[e.g. the hyperactivation of the IL-6/STAT3 and IL-6/ERK pathways inversely with loss of cav-1 from plasma membrane rafts in pulmonary arterial endothelial cells (PAECs)\].\[[@ref3]\] In recent years, this focus has expanded to a consideration of broader dysfunctions in anterograde and retrograde vesicular trafficking in the development of PAH.\[[@ref7][@ref8]\] Numerous studies have elucidated the molecular and vesicular machineries involved in the trafficking of vasorelevant growth factor and cytokine receptors (as examples, the trafficking of BMPR I and BMPR II, VEGFR, IL-6R and gp130, etc.) from the endoplasmic reticulum (ER) through the Golgi apparatus (abbreviated to "Golgi") and thence to the plasma membrane or via the alternative pathways that "bypass" the Golgi \[[Figure 2](#F2){ref-type="fig"}\].\[[@ref7]--[@ref10]\] The secretion of cytokines and growth factors by different cell types is also intricately regulated by distinct vesicular trafficking pathways and molecules in different types of cells.\[[@ref10]\] Moreover, numerous studies have elucidated the obligatory involvement of membrane-associated pathways (clathrin- or caveolin-mediated endocytic pathways) in the inward transcription-targeted signaling initiated by growth factors, cytokines and ligands (e.g. signaling by transforming growth factor beta (TGF-β), bone morphogenetic proteins (BMPs), interleukin-6 (IL-6), epidermal growth factor (EGF), platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), Notch-3 and Wnt.\[[@ref11]--[@ref16]\] With several of these receptors and ligands implicated in the pathogenesis of PAH,\[[@ref17]--[@ref20]\] it becomes increasingly important to consider the potential involvement of dysfunctional membrane- and protein-trafficking pathways in the pathogenesis of this disease. The observations that some mutant BMPR II species, such as those observed in patients with familial PAH, failed to traffic normally from the ER to the Golgi and thence to the plasma membrane\[[@ref20]\] highlight the importance of investigating the role of protein trafficking dysfunctions in the pathogenesis of PAH.

![Dysfunctional intracellular trafficking in the pathobiology of pulmonary arterial hypertension. (a) Productive transcriptional signaling from the plasma membrane to the nucleus along the BMP/Smad1/5, TGFβ/Smad2 and IL-6/PY-STAT-3 signaling pathways is membrane associated. IL-6/STAT3 and ERK1/2 signaling is inversely related to loss of caveolar/raft cav-1. (b) Golgi blockade mechanisms in PAH. MCTP and hypoxia lead to a trapping of vesicle tethers, SNAREs and SNAPs in the Golgi of affected pulmonary arterial endothelial cells. This leads to a block in anterograde trafficking of vasorelevant cargo proteins such as cav-1 and eNOS and reduced caveolar NO production. The intracellularly sequestered eNOS produces NO which may potentially *S*-nitrosylate cysteine-rich proteins like NSF, further inhibiting traffi cking. Golgi-trapped dominant negative BMPR 2 mutants may also potentially block trafficking of cargo proteins to the plasma membrane. (Adapted from ref. 8.)](PC-1-17-g002){#F2}

SPATIAL CELL BIOLOGY--AT THE SUBCELLULAR LEVEL {#sec1-2}
==============================================

A constant refrain in our perspective on the involvement of various molecules and mediators of interest in the pathogenesis of PAH is the question of where exactly inside the cell is that particular molecule located.\[[@ref7][@ref8]\] Is it in the correct place inside the cell or is its location aberrant? As a consequence of aberrant location, is the function aberrant? As one example, when investigators report the increase in eNOS in PAECs in, for example, the monocrotaline/rat model of PAH,\[[@ref21]\] we wondered exactly where within the cell was the eNOS located. Was it at the cell surface and available for function or was it trapped in a non-functional intracellular compartment? As another example, do mutant BMPR II species\[[@ref20]\] have dominant negative effects on the intracellular trafficking of other molecules, including eNOS, other receptors and membrane-associated signaling pathways?

INSIGHTS FROM PRIOR LITERATURE {#sec1-3}
==============================

In 1914, Cajal reported finding a compact juxtanuclear "apparato reticular de Golgi" in endothelial cells and the fragmentation and pulverization of this Golgi apparatus in cells (neuronal cells) subjected to hypoxia.\[[@ref22]\] The pulmonary hypertension literature over the last four decades contains numerous pieces of data indicative of defects in intracellular trafficking in the cellular elements in pulmonary arterial lesions.\[[@ref7][@ref8]\] Noteworthy among these are histologic and electron microscopic (EM) studies reporting "plump" and "enlarged" endothelial and smooth muscle cells with increased vacuolation, Golgi stacks and ER in hypoxic and primary PAH.\[[@ref23]--[@ref30]\] Particularly evocative are the EM studies reporting extensive rough ER with dilated cisternae in a cell within a plexiform lesion in idiopathic PAH,\[[@ref26]\] and a cell showing distended globular and granular structures.\[[@ref28]\] Meyrick and Reid\[[@ref25]\] reported "hypertrophied smooth muscle cells (with) a significant increase in relative areal proportions of Golgi apparatus and rough sarcoplasmic reticulum in the tunica media of the hilar artery of rats with hypoxia-induced PAH" and further commented that such rats have "thickened endothelial cells (with) a more extensive Golgi apparatus than normal and many have swollen cisternae of rough endoplasmic reticulum". Increased accumulations of Weibel-Palade bodies (which are vesicular structures involved in the exocytosis of Factor VIII) were reported in endothelial cells in hypoxic rats with PAH\[[@ref29]\] and in human primary PAH.\[[@ref27]\] Mette and colleagues\[[@ref30]\] reported marked accumulations of vesicular cytoplasmic structures in cells in pulmonary vascular lesions of patients with PAH with HIV infection. Taken together, these prior observations point to dysfunctions in intracellular membrane trafficking in cells located within lesions in PAH.

A major line of research extending back to the observations of Harris *et al*. in 1944,\[[@ref31][@ref32]\] Bull in 1955\[[@ref33]\] and the EM studies of Klienerman and Merkow in 1966\[[@ref34]\] and of Afzelius and Schoental in 1967\[[@ref35]\] is also particularly insightful. These and subsequent investigators\[[@ref36]--[@ref39]\] studied the effects of pyrrolizidene alkaloids on various cell types and tissues. One of these alkaloids, monocrotaline (MCT), is the basis for a widely used, and widely debated, experimental model of PAH in rats, pigs and dogs.\[[@ref1][@ref36]--[@ref39]\] Harris *et al*.\[[@ref31][@ref32]\] and Bull\[[@ref33]\] reported that pyrrolizidene alkaloid treated liver cells (which themselves metabolically activate the alkaloid) continued to grow in size but not divide. This phenotype was termed "megalocytosis" by Bull in 1955.\[[@ref33]\] PAECs and alveolar type II cells in lungs of rats exposed to MCT that developed PAH showed increased vacuolation, increased ER and extensive Golgi complexes.\[[@ref34][@ref37]--[@ref40]\] Afzelius and Schoental\[[@ref35]\] pointed out that "one of the most striking features of the enlarged cells is the lack of normal distribution of organelles". Specifically, Afzelius and Schoental\[[@ref35]\] linked the "large size of the Golgi complexes" to defects in "sorting out of organelles into separate regions" as well as a defect in entry of cells into mitosis, yielding "growing, but non-dividing cells".

In 1991, Reindel and Roth\[[@ref40]\] extended the above insightful observations to changes in bovine pulmonary artery endothelial and smooth muscle cells in culture exposed to the bioactive monocrotaline pyrrole (MCTP). Ultrastructurally, the hypertrophic MCTP-treated bovine pulmonary artery endothelial cells (BPAECs) had enlarged cell profiles with enlarged nuclei and "prominent" Golgi apparatus and endoplasmic reticulum.\[[@ref40]\] In the last 20 years, these investigators as well as the research groups of Segall and Wilson pioneered extensive cell culture studies of the MCTP-induced megalocytosis in pulmonary vascular cells.\[[@ref39][@ref41][@ref42]\] A landmark observation by the Segall and Wilson groups has been the identification of specific Cys-containing and Cys-free proteins that are covalently derivatized by MCTP when human PAECs were exposed by radioisotope labeled MCTP -- this list included proteins that help fold newly synthesized proteins in the lumen of the ER (such as the protein disulfide isomerases, ERp57 and PDI) as well as cell surface proteins such as galectin-1.\[[@ref41][@ref42]\] The above data in the prior literature taken together point to dysfunctions in intracellular membrane trafficking in cells exposed to bioactive pyrrolizidene alkaloids.

Following the discovery of the relationship between mutations in BMPR II and idiopathic PAH (IPAH) (both the familial and sporadic types) beginning approximately 10 years ago,\[[@ref43]\] it was realized that several of the relevant mutant BMPR II species failed to traffic correctly to the plasma membrane.\[[@ref20][@ref44][@ref45]\] Subsequent detailed studies have identified PAH disease-related BMPR II mutants that remain sequestered in the ER, sequestered in the Golgi or even those that traffic to the plasma membrane and yet exhibit defective signaling.\[[@ref20][@ref44][@ref45]\] These data raise the question of potential dominant negative effects of such BMPR II mutants on the intracellular trafficking of other vasorelevant molecules. Mice harboring such mutant BMPR II genes have proven informative in exploring the pathogenesis of PAH.\[[@ref1][@ref46][@ref47]\] However, the incomplete penetrance of disease parameters in even the BMPR II knockout model\[[@ref46]\] suggests that additional environmental and genetic factors influence PAH pathogenesis.\[[@ref1][@ref20]\]

The observations by Zhao and colleagues in 2002 that cav-1^-/-^ mice spontaneously developed pulmonary hypertension and dilated cardiomyopathy\[[@ref4][@ref5]\] highlight the ability of defects in trafficking scaffolding proteins to initiate a cascade of changes including pulmonary hypercellularity, interstitial fibrosis, thickening of the alveolar septa and reduced exercise tolerance.\[[@ref48]--[@ref50]\]

In pioneering observations Flores and colleagues\[[@ref51]\] reported in 2006 that macaques infected with a chimeric simian immunodeficiency virus (SIV) in which the endogenous SIV-*nef* had been replaced by the HIV-*nef* gene (dubbed SHIV-*nef* virus) developed pulmonary arterial lesions similar to those seen in IPAH. These lesions included complex plexiform-like lesions characterized by medial hypertrophy and luminal obliteration. Such lesions included cells that were nef--, Factor VIII--, and/or smooth muscle-specific actin-positive. Such lesions were not observed in macaques infected with the non-chimeric SIV virus. In parallel, Flores and colleagues\[[@ref51]\] reported that HIV-nef-positive cells were also observed in pulmonary vascular lesions in HIV-positive patients but not in patients with IPAH. The fact that HIV-nef is a protein that is well known to interfere with and modulate endocytic and Golgi trafficking pathways, and has been best investigated in terms of its effects on intracellular trafficking pathways involved in major histocompatibility complex (MHC) antigen presentation,\[[@ref9][@ref52]--[@ref55]\] again point to dysfunctional protein trafficking as, at the very least, part of the overall process leading to pulmonary vascular lesions.

The above brief overview of the prior PAH literature highlights previously published data that clearly pointed to the occurrence of protein trafficking dysfunctions in PAH. The seminal hypothesis of Afzelius and Schoental\[[@ref35]\] linking Golgi dysfunction to organellar defects on the one hand and to entry into mitosis and effects on cell proliferation on the other hand represents an important link in discussions of how trafficking defects can underlie effects on cell size and cell proliferation. Organelles such as the Golgi apparatus stand at the interface between trafficking and cell proliferation.

DISRUPTION OF ENDOTHELIAL CELL CAV-1/RAFT SCAFFOLDING IN PAH {#sec1-4}
============================================================

In 2002, we observed that normal IL-6 signaling in different cell types to the cell interior was dependent on the integrity of cholesterol-rich plasma membrane raft microdomains.\[[@ref12][@ref56]\] In 2004, we reported that in the MCT/rat model although PAH and right ventricular hypertrophy developed by 2 weeks after MCT, a reduction in cav-1 levels in the lung was apparent within 48 hrs, declining to 30% of control levels by 2 weeks, accompanied by an increase in the activation of the transcription factor, PY\--STAT3, which also began within 48 hrs.\[[@ref3]\] Immunofluorescence studies showed a loss of cav-1 in PAECs within 48 hrs after MCT but an increase in PY-STAT3. At the single-cell level in pulmonary arteries of MCT-treated rats, the particular PAECs that showed reduced cav-1 were the ones that showed increased PY-STAT3 and nuclear immunostaining for proliferating cell nuclear antigen (PCNA). Cell fractionation studies showed that there was a loss of cav-1 from detergent-resistant membrane raft fraction concomitant with hyperactivation of PY-STAT3. Additionally, PAECs treated with MCTP in culture developed megalocytosis associated with hypo-oligomerization and reduction of cav-1, hyperactivation of PY-STAT3 and ERK1/2, and stimulation of DNA synthesis. These data suggested the occurrence of defects in the trafficking of cav-1 to plasma membrane rafts in MCTP-treated cells with a consequent promitogenic cascade of events.\[[@ref3]\]

Lisanti and colleagues\[[@ref50]\] confirmed and extended the above observations in the rat/MCT model and showed that the decline in cav-1 and cav-2 and development of PAH as well as the activation of PY-STAT3 and upregulation of cyclins D1 and D3 could be blocked by a cav-1-mimetic peptide (AP-Cav) administered 30 min after MCT administration. The loss of cav-1 from cells in plexiform lesions in severe IPAH,\[[@ref6]\] in rats with PAH following experimental myocardial infarction,\[[@ref49]\] those administered SU5419\[[@ref6]\] and the ability of the cholesterol reducing agent, simvastatin, to reduce the severity of PAH in the MCT/rat model\[[@ref57][@ref58]\] further supported interest in the mechanisms underlying the trafficking and loss of cav-1 in PAECs in PAH.

In studies that recapitulated the earlier work of Riendel and Roth and of the Segall and Wilson research groups on the effects of MCTP on pulmonary vascular cells in culture,\[[@ref39][@ref40]\] we observed that pulmonary vascular cells exposed to MCTP displayed megalocytosis within 24--48 hrs of exposure with the trapping of cav-1 in the enlarged Golgi apparatus. In these studies, the Golgi apparatus was observed using immunostaining for a Golgi tether/scaffolding protein called GM130 \[[Figure 3](#F3){ref-type="fig"}\].\[[@ref3][@ref59]\] Subsequent studies showed that this phenotype in PAECs was characterized by a cascade of changes including increased DNA synthesis but reduced entry into mitosis, increased PY-STAT3, an incomplete unfolded protein response, reduced cdc2 but increased p21, and various alterations in cyclins D1, D3, E, A and B1.\[[@ref59]--[@ref62]\] It was noteworthy that eNOS was also lost from the plasma membrane and now increasingly sequestered in the Golgi and in intracellular vesicular structures.\[[@ref62]--[@ref64]\] The increased sequestration of cav-1 in the Golgi membranes was apparent within 6--8 hrs after MCTP exposure, that is, in advance of any other phenotypic alteration. Similar alterations were also observed in PAECs exposed to hypoxia.\[[@ref62]\] These observations led to the hypothesis that defective trafficking of proteins through the Golgi apparatus might represent an event in how MCTP and hypoxia affected pulmonary vascular cells and that this trafficking disruption might also be of relevance in the human disease (Golgi blockade hypothesis).\[[@ref59]\]

![Golgi enlargement and fragmentation in primary bovine PAECs in culture exposed to MCTP for 4 days. BPAEC cultures in a 6-well plate were exposed to MCTP and megalocytosis was allowed to develop for 4 days.\[[@ref3][@ref7][@ref8]\] The cultures were then fixed and immunostained for the Golgi tether, GM130, and for nuclei using 4',6-diamidino-2-phenylindole (DAPI). Scale bar=4 μm.](PC-1-17-g003){#F3}

BMPR II has been reported to be located in lipid rafts, including caveolae, in human and rat pulmonary arterial endothelium.\[[@ref65]\] Additionally, cav-1 has been shown to regulate the caveolar localization and transcriptional activation function of BMPR II in mouse aortic smooth muscle cells.\[[@ref66]\] BMPR II interacted with cav-1 and downregulation of cav-1 using an siRNA approach decreased BMP-dependent Smad phosphorylation and gene regulation. Reduction in cav-1 or a dominant-negative mutant of cav-1 reduced BMPR II plasma membrane localization. A reduction in cav-1 also reduced the association between BMPR II and BMPR I.\[[@ref66]\] In MCTP-treated PAECs, BMPR II was increasingly trapped in the Golgi membranes together with increased trapping of cav-1 and eNOS,\[[@ref62]\] and such cells displayed altered functional BMP/Smad signaling.\[[@ref67][@ref68]\]

However, several puzzling questions about the relationship between cav-1 and development of PAH prompt a more detailed look at the subcellular/intracellular events that might be at play. On the one hand, overexpression of wild-type (wt) cav-1 in PAECs inhibited IL-6/STAT3 transcriptional signaling,\[[@ref15]\] and thus, the inverse relationship between cav-1 levels and PY-STAT3 levels in PAECs in rats exposed to MCT or in the *cav-1* knockout mouse appears reasonable. In the latter case, an interpretation would be that disruption of cav-1/rafts per se produced the hyperactivation of IL-6/PY-STAT3 because cav-1 in rafts is inhibitory to such signaling. On the other hand, the Antennapedia-Cav-1 membrane-permeable small peptide used by Jasmin *et al*.\[[@ref50]\] that inhibited MCT-induced PAH and also inhibited the loss of cav-1 (and cav-2) and the increase in PY-STAT3 corresponds to the scaffolding domain of cav-1 and should have also disrupted cav-1 rafts and had the opposite effects -- if the effects were solely due to events at the level of the plasma membrane caveolae. It is known from our prior work that raft disruption by other means (such as using the cholesterol binding compounds, filipin III or β-methylcyclodextrin) inhibited IL-6/STAT3 signaling, even in cells low in cav-1 (in such cells, "plasma membrane rafts" are formed by other proteins such as flotillin-1 or flotillin-2).\[[@ref12][@ref56]\] One possible way to resolve these seemingly contradictory observations is to extend the discussion to intracellular trafficking pathways. The cav\--1/caveosome retrograde trafficking has been shown to inhibit TGF-β/Smad transcriptional signaling by shunting the activated Smad molecules toward lysosomal degradation, while clathrin/endocytic trafficking leads to transcriptionally productive signaling.\[[@ref11]\] Similarly, the majority of activated PY-STAT3 in the cytoplasm is associated with the early endosome compartment\[[@ref13][@ref69]\] and overexpression of cav-1 increasingly targets STAT3 toward the lysosomal compartment.\[[@ref15]\] The possibility of cav-1 levels affecting intracellular retrograde signaling pathways has not been explored in the context of PAH. To add to the puzzle are more recent observations of Zhou *et al*.\[[@ref5]\] showing that lungs in the cav-1^-/-^mouse display persistent eNOS activation and that the PAH observed can be reduced by a superoxide scavenger (MnTMPyP) or a NOS inhibitor (L-NAME). However, it was not evaluated where exactly within the endothelial and/or bronchial epithelial cells was the eNOS located. Additionally, Patel *et al*.\[[@ref70]\] reported increased cav-1 in PASMCs in patients with IPAH and interpreted their cell culture experiments to indicate that *increased* cav-1 and caveolae "contribute to IPAH-PASMC pathophysiology". Moreover, Patel *et al*.\[[@ref70]\] suggest that "disruption of caveolae in PASMC may provide a novel therapeutic approach to attenuate disease manifestations of IPAH", which would be the opposite of the inference of an inverse relationship between cav-1 and PAH from the studies summarized above. Perhaps, the many unanswered puzzles at hand relate to cell type, disease heterogeneity, lesion heterogeneity and the multiple different levels at which cav-1 can affect intracellular trafficking pathways and functions of vasoactive molecules (such as eNOS and BMPR II). There is a clear need for a more detailed understanding of the subcellular events that connect cav-1--mediated trafficking and regulatory pathways to the development of PAH.

The above considerations led us to evaluate various molecules and cellular organelles involved in both Golgi to plasma membrane (anterograde; exocytosis) and plasma membrane to cell interior (retrograde; endocytosis) trafficking in pulmonary vascular cells, both in pulmonary vascular cells in culture under various experimental conditions and in cells in pulmonary vascular disease lesions in IPAH and in the MCT/rat and SHIV-*nef*/macaque models.

BRIEF OVERVIEW OF VESICULAR TRAFFICKING MACHINERIES AND MOLECULES {#sec1-5}
=================================================================

Intracellular protein trafficking involves the selective scission of vesicles from membranous organelles, followed by the selective and targeted capture of such vesicles by other membrane organelles and membrane fusion.\[[@ref7]--[@ref10][@ref62][@ref64][@ref71][@ref72]\] This process requires molecules on the surface of vesicles and on acceptor membranes that recognize each other with specificity (the tethers and SNAREs (soluble *N*-ethylmaleimide-sensitive factor attachment protein receptor)\], molecules that are involved in the recruitment of an ATPase to the SNARE complexes \[the SNAPs (soluble *N*-ethylmaleimide-sensitive factor attachment protein) and NSF (*N*-ethylmaleimide-sensitive factor)\] and an additional hierarchy of molecules belonging to the complexin and Sec-Munc (SM) family of proteins that provide an additional layer of regulation \[Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}\]. Several reviews provide considerable details about these molecules and mechanisms and show that this is an exciting new area of considerable ongoing research in cell biology today.\[[@ref8][@ref10][@ref71][@ref72]\]

![Tethers, SNAREs, SNAPs, NSF and additional molecules involved in vesicular trafficking](PC-1-17-g004){#F4}

![The SNARE cycle in membrane fusion. Initial interaction between a vesicle and its target membrane is mediated by cognate tethers. Membrane fusion is then mediated by the formation of a quaternary-α-helical *trans*-SNARE complex consisting of one v- (or R -) SNARE on the vesicle and two or three t- (or Q-) SNAREs on the target membrane. After membrane fusion, the *cis*-SNARE complex is disassembled by the ATPase NSF which is recruited to the *cis*-SNARE complex from the cytosol by α-SNAP. (Adapted from ref. 8.)](PC-1-17-g005){#F5}

[Figure 4](#F4){ref-type="fig"} is a brief compilation of the molecules that are part of the discussion relating to pathogenesis of PAH. "Tethers" represent cell surface molecules on respective vesicle and target membrane surfaces that search for and mediate binding of cognately recognized molecules at long distance (up to 50 nm) \[[Figure 5](#F5){ref-type="fig"}\]. Each organelle and vesicle type contains several such tethers. In the Golgi, these tethers include giantin, p115 and Golgi matrix 130 kDa (GM130). In addition to tethering, these molecules also mediate more specific functions in the respective organelle (such as structural scaffolding, phosphorylation-mediated organelle fragmentation and apoptosis). Tether interactions draw the vesicle and target membrane surface closer to each other, and at distances of 25 nm or less, groups of proteins called SNAREs come together as part of a four-helix complex called a *trans*-SNARE complex \[[Figure 5](#F5){ref-type="fig"}\]. One of the helices is contributed by the SNARE on the vesicle membrane, while the other three are contributed by two or three SNAREs on the target membrane. There are 38 different SNAREs in human cells and these mediate specific interactions with cognate molecules \[Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}\]. Thus, the combinations of specific SNAREs provide the addressing mechanisms (like Zip Codes) for vesicular trafficking. The SNAREs are classified as Q- and R-SNARES depending upon their underlying amino acid motifs (Q-SNAREs are typically t- or target-SNAREs, while R-SNAREs are typically v- or vesicle SNAREs).

The *trans*-SNARE complex drives the membrane fusion reaction \[[Figure 5](#F5){ref-type="fig"}\]. However, this membrane fusion event is regulated by the family of complexin and Sec-Munc proteins.\[[@ref71][@ref72]\] Subsequent to membrane fusion, the now *cis*-SNARE complex recruits a soluble cytosolic protein called a SNAP (α-, β- or γ-SNAP) (not to be confused with SNAP proteins identified by numerical designations such as SNAP23, etc.; the latter are SNARE proteins). Of the SNAP proteins, α-SNAP is the most ubiquitous (present in PAECs and PASMCs) and this protein, in turn, recruits the cytosolic ATPase called NSF to the *cis*-SNARE complex. NSF, in an energy dependent manner, leads to the disassembly of the four-helix complex into its component SNAREs, preparing this machinery for another round of membrane fusion. Thus, in PAECs and PASMCs, α-SNAP and NSF participate in virtually all vesicular trafficking. Moreover, it is noteworthy that the ATPase activity of NSF is inhibited by NO through *S*-nitrosylation at multiple Cys residues.\[[@ref73]\] Finally, a range of additional GTPases (the dynamin family and the Rab family of GTPases) are involved in the process of scission of the newly forming vesicle for organellar membranes with different membrane trafficking pathways requiring different GTPases in a selective manner.\[[@ref9]--[@ref11]\]

Dysfunctions of Golgi tethers, SNAREs, α-SNAP and NSF in pulmonary vascular cells exposed to MCTP, hypoxia, NO scavenging and senescence {#sec2-1}
----------------------------------------------------------------------------------------------------------------------------------------

PAECs exposed to MCTP in cell culture had shown increased trapping of cav-1 in Golgi membranes as early as 6 hrs after MCTP.\[[@ref62]\] In this experimental system, a combination of immunofluorescence and cell-fractionation studies revealed the considerable accumulation of diverse Golgi trafficking mediator proteins in the enlarged/circumnuclear Golgi apparatus by 1--2 days after exposure to MCTP or the NO scavenger, c-PTIO \[Figures [3](#F3){ref-type="fig"} and [6](#F6){ref-type="fig"}\]. These proteins included GM130, p115, giantin, golgin 84, syntaxin-4, -6, Vti1a, Vti1b, GS15, GS27, GS28, SNAP23 and α-SNAP. Strikingly, NSF, the ATPase required in all vesicular trafficking, was increasingly sequestered in non-Golgi vesicular elements and was depleted from Golgi membranes.\[[@ref64]\] The sequestration of a large collection of trafficking-mediator molecules in the Golgi was accompanied by intracellular accumulation of eNOS and reduced caveolar NO production as assayed using live-cell DAF2-DA imaging.\[[@ref62]--[@ref64]\] The reduced levels of caveolar NO in MCTP-treated cells were consistent with the observation of reduced *S*-nitrosylation of NSF, eNOS and cav-1 in such cells.\[[@ref63][@ref64]\] Thus, although total eNOS levels were either unchanged (on a total cell protein basis) after MCTP or were increased, this eNOS was mislocalized to the incorrect intracellular compartment and was thus hypofunctional. These effects were evident in cultures of both bovine and human PAECs \[Figures [3](#F3){ref-type="fig"} and [6](#F6){ref-type="fig"}\].\[[@ref74][@ref75]\]

![Golgi fragmentation and dispersal in human PAECs after exposure to MCTP or the NO scavenger, c-PTIO. Primary HPAEC cultures in 6-well plates were exposed to MCTP once or to c-PTIO (100 μM) continuously for 48 hrs. The integrity of the Golgi was assayed by immunotagging for the Golgi tether, giantin, together with DAPI staining for demarcating nuclei. NIH Image J software using Otsu segmentation analyses were used to determine Golgi structures with fragment number greater than 1\[[@ref75]\] and are enumerated as % cells with dispersed Golgi. Scale bar=20 μm](PC-1-17-g006){#F6}

An enlarged Golgi, as evidenced by increased circumnuclear accumulation of GM130 and giantin, was observed in PAECs in rat lungs within 4 days after administration of MCT to rats.\[[@ref62]\] Thus, this Golgi alteration was observed at a time when there was no evidence of PAH which takes 10--14 days to develop.\[[@ref3][@ref62]\] Because the changes in the Golgi preceded development of PAH, the data suggested that such changes might lie in the pathway of causality leading to the disease and were not a consequence of increased pulmonary arterial pressure *per se*.

PAECs exposed to hypoxia (1.5% v/v oxygen in room air) for 4 days also showed a similar phenotype.\[[@ref63]\] The cells were enlarged and contained enlarged circumnuclear Golgi with increased trapping of GM130, p115, syntaxin 6, GS28, together with cav-1 and eNOS in Golgi membranes. In such cells, the eNOS was mislocalized away from the plasma membrane. Senescent PAECs also exhibited a similar phenotype with enlarged cells with increased GM130, giantin, p115, GS28, syntaxin 6, Vti1a in the enlarged Golgi with marked intracellular mislocalization of eNOS and cav-1.\[[@ref63]\]

Various investigators had previously suggested that at least some instances of PAH might include reduced bioavailability of NO.\[[@ref75]\] We observed that scavenging NO from cultures of bovine PAECs or human PAECs and PASMCs led to marked Golgi fragmentation \[[Figure 6](#F6){ref-type="fig"}\].\[[@ref74][@ref75]\] However, although MCTP exposure reduced entry of PAECs into mitosis, exposure of PAECs to the NO scavenger, c-PTIO, markedly increased the entry of endothelial cells into mitosis.\[[@ref74]\] Thus, a hypo-NO state was promitogenic, at least for PAECs in culture.

Inhibition of functional endocytosis and an unusual secretory phenotype {#sec2-2}
-----------------------------------------------------------------------

In functional ligand uptake assays, we observed that PAECs exposed to MCTP showed intact uptake and sequestration of C5-ceramide to the Golgi membranes but a marked inhibition of the endocytic uptake of LDL (clathrin-mediated endocytosis), transferrin (clathrin-mediated endocytosis) and cholera toxin (caveolar endocytosis).\[[@ref74]\] In comparison, NO scavenging using c-PTIO inhibited the uptake of all four tracers.\[[@ref74]\] Both MCTP and c-PTIO reduced the cell surface concentrations of low density lipoprotein receptor (LDLR), TfnR, BMPR II, Tie-2 and PECAM-1, albeit to differing extents. Neither MCTP nor c-PTIO affected the uptake and subcellular localization of LysoTracker, ERTracker or MitoTracker. Thus, there was clear selectivity in the effects of these agents on intracellular trafficking.

However, both MCTP and c-PTIO generated an unusual secretory phenotype in PAECs.\[[@ref74]\] After an initial inhibition of the secretion of exogenously expressed soluble HRP over the first day following exposure to either MCTP or c-PTIO,\[[@ref62][@ref74]\] there was a marked increase in secretion over and above that seen in untreated PAECs.\[[@ref74]\] This marked increase in secretion was sustained for the duration of the 5-day assay despite development of clear megalocytosis. This unusual secretory phenotype recalls (1) the senescence-associated secretory phenotype reported recently by Campisi and colleagues\[[@ref77][@ref78]\] in which senescent breast cancer cells secrete growth factors (including IL-6 and IL-8) which then recruit and enhance the function of infiltrating immune cells leading to increased tumorigenicity with increasing age and (2) the thesis, often stated, that the endothelial cells in pulmonary vascular lesions release cytokines and growth factors that then lead to the migration of smooth muscle cells into previously non-muscular arteries or even the conversion of arterial pericytes into smooth muscle cells.\[[@ref3][@ref17][@ref18]\] The spectrum of cytokines and growth factors secreted by, for example, say, human PAECs in response to a hypo-NO state\[[@ref74]--[@ref76]\] would be important to elucidate as part of delineating a "PAH-associated persistent secretory phenotype" of the affected endothelial cells.

Dysfunctions of Golgi tethers, SNAREs and SNAPs in IPAH {#sec2-3}
-------------------------------------------------------

The histological and EM data in IPAH reviewed in the section "Insights from Prior Literature" already included evidence of alterations in the structure of the Golgi apparatus and of various membrane organelles such as the endoplasmic reticulum in cells of IPAH lesions. Given this prior information, we asked whether we could extend this to identifying dysfunctions of specific Golgi tethers, SNAREs and α-SNAP. A technical limitation in carrying out these analyses was the availability, at the moment, of only archived formalin-fixed, paraffin-embedded tissue from patients with IPAH. For now, we have been limited to evaluating only those tethers, SNAREs and α-SNAP for which the respective antibodies can react with tissue antigens still immunoreactive despite the fixation, embedding and long-term storage.\[[@ref2][@ref75]\]

Sections of lung tissue corresponding to the IPAH patients and lesions shown in part in [Figure 1](#F1){ref-type="fig"} were subjected to immunofluorescence imaging for the Golgi tethers, giantin and p115.\[[@ref2]\] Compared to pulmonary vascular cells in controls without PAH, there was an increase in the amounts of these Golgi tethers on a per cell basis in lung tissue from patients with IPAH, accompanied by marked cytoplasmic dispersal of giantin- and p115-bearing vesicular elements in the vascular cells in the proliferative, obliterative and plexiform lesions\[[@ref2]\] \[Figures [7](#F7){ref-type="fig"} and [8](#F8){ref-type="fig"}\]. High-resolution subcellular 3D imaging of immunotagged giantin confirmed marked Golgi fragmentation and increased cell size of individual cells in pulmonary arterial lesions in IPAH compared to compact Golgi in controls.\[[@ref75]\] Immunofluorescence tagging followed by high-resolution 3D imaging of subcellular structures also revealed increased levels of the SNARE Vti1a and α-SNAP cells in IPAH lesions in dispersed cytoplasmic vesicular elements.\[[@ref75]\]

![Increased accumulation of the Golgi matrix proteins/tethers, giantin and p115, in cellular elements in pulmonary arterial vasculopathies in human IPAH. (a) Representative images of respective vasculopathies probed for giantin or p115 compared to representative controls. Scale bar=85 μm. (b) Representative higher magnifi cation images of giantin and p115 immunostaining from analyses as in [Figure 7a](#F7){ref-type="fig"}. Scale bar=10 μm. (Adapted from ref. 2.)](PC-1-17-g007){#F7}

![Summary of the quantitative immunomorphometry data for the Golgi tethers, giantin and p115, in cellular elements in pulmonary arterial vasculopathies in IPAH. Integrated pixel intensity/cell was computed using Image J software by outlining individual cells within immunofluorescence images corresponding to luminal endothelium (PAEC), cells in arterial walls, in plexiform lesions and in obliterative lesions and was expressed in arbitrary units (A.U.). Images for quantitation were derived from sections in the set of the human control and IPAH patients as in ref. 2. All the per cell data (*n* as indicated in the figure) were pooled into either control or IPAH and evaluated using Student\'s two-tailed *t*-test. Asterisks indicate *P*\<0.0001 for groups compared with the corresponding control groups; cells in plexiform lesions and in the obliterative lesions were compared with the control PAEC group. In Panel b, there was little detectable p115 signal in the control PAECs evaluated. (Adapted from ref. 2.)](PC-1-17-g008){#F8}

Dysfunctions of Golgi tethers, SNAREs and SNAPs in the SHIV-nef/macaque model {#sec2-4}
-----------------------------------------------------------------------------

The SHIV-*nef*--infected macaque model has proven informative in helping address the question whether Golgi and trafficking dysfunctions might lie in the chain of causality of pulmonary vasculopathies. Flores and colleagues\[[@ref51]\] had previously shown that macaques infected with the chimeric SHIV-*nef* virus, but not those infected with the non-chimeric SIV virus, developed pulmonary vasculopathies similar to those seen in IPAH. [Figure 9](#F9){ref-type="fig"} shows the pulmonary vascular histopathology observed in SHIV-*nef*--infected macaques to that observed in IPAH in the proliferative, obliterative and plexiform lesions in a manner that is directly comparable to the histopathology shown in [Figure 1](#F1){ref-type="fig"} for IPAH.\[[@ref2]\] Since HIV-nef had been previously shown to interfere with endocytic and Golgi trafficking, the data implied that these vasculopathies might be initiated by such trafficking defects.\[[@ref9][@ref52]--[@ref55]\] The question remained whether cells in pulmonary vascular lesions in SHIV-*nef*--infected macaques did indeed display Golgi defects. This was addressed by quantitative immunofluorescence assays as well as high-resolution 3D imaging of subcellular organelles in cells in SHIV-*nef*--induced pulmonary vasculopathies compared to those in SIV-infected or uninfected macaques.\[[@ref2][@ref75]\] Only macaques infected with the chimeric SHIV-*nef* virus showed pulmonary vascular lesions containing cells with dramatic increase in and cytoplasmic dispersal of the Golgi tethers, giantin and p115 \[Figures [10](#F10){ref-type="fig"} and [11](#F11){ref-type="fig"}\]. High-resolution 3D subcellular imaging confirmed the extensive fragmentation of the Golgi in such cells. Moreover, it was specifically only those cells that contained endocytic nef that showed enlarged dispersed vesicular Golgi elements \[[Figure 12](#F12){ref-type="fig"}\].\[[@ref2][@ref75]\] In contrast, giantin and p115 immunostaining of pulmonary vascular cells in SIV-infected or uninfected macaques showed a discrete compact Golgi.

![Representative histopathologic changes observed in pulmonary vascular lesions in SHIV-*nef*--infected macaques. Sections of lungs from macaquesinfected with the chimeric SHIV-*nef* virus (SHIV-A) or a non-chimeric SIV virus (SIV-F) were stained using H&E and imaged using a ×40 objective in visiblelight. Elastin autofl uoresence was simultaneously imaged in green and the visible light and autofl uoresence images merged. Representative images showing neointimal proliferation (Prolif), obliterative (Oblit) and plexiform (Plex) lesions are illustrated. Side sets on the right show higher magnifi cation views of the boxed areas within each panel in the middle column. (Adapted from ref. 2.)](PC-1-17-g009){#F9}

![Increased accumulation of the Golgi matrix proteins/tethers, giantin and p115, in cellular elements in pulmonary arterial vasculopathies in the chimeric SHIV-infected macaque model. (a) Representative images of respective vasculopathies probed for giantin or p115 compared to representative controls. Scale bar=85 μm. (b) Representative higher magnification images of giantin and p115 immunostaining from analyses as in [Figure 10a](#F10){ref-type="fig"}. Scale bar=10 μm. The SIV-F, p115 segment in the upper right is the same as in [Figure 9](#F9){ref-type="fig"}, SIV-F at the top of the middle column. (Adapted from ref. 2.)](PC-1-17-g010){#F10}

![Quantitative immunomorphometry data for the Golgi tether, p115, in PAECs in SHIV-*nef*--infected macaques. Integrated pixel intensity/cell was computed using Image J software by outlining individual cells within immunofl uorescence images corresponding to luminal endothelium (PAEC) in sections from each of the control/SIV- and SHIV-infected macaques (*n*=4 in each group) and was expressed in arbitrary units (A.U.) (mean±SE; *n* is number of cells quantitated). PAECs in group Ctrl-E had little or no detectable p115. *Post-hoc* between-group comparisons were carried out using the Tukey--Kramer Multiple Comparison test with an alpha setting of 0.05 (NCSS 2007). Double asterisks indicate that the particular group was different from all control/SIV groups. (Adapted from ref. 2.)](PC-1-17-g011){#F11}

![HIV-nef--positive vascular cell elements have increased giantin. (a) Lung sections from a SHIV-*nef*--infected macaque with increased giantin in the obliterative vascular lesion probed for HIV-nef and giantin. Scale bar=25 μm. (b) Higher magnifi cation images of the insets depicted in [Figure 12a](#F12){ref-type="fig"}. Scale bar=4μm. Respective 3D intracellular immunoimaging is in ref. 75. (Adapted from ref. 2.)](PC-1-17-g012){#F12}

Additionally, both Vti1a and α-SNAP were increased in per cell amounts and localized to cytoplasmic vesicular structures in cells in the pulmonary vascular lesions in SHIV-nef--infected macaques.\[[@ref75]\] These data, especially the more recent high-resolution 3D imaging studies,\[[@ref75]\] provide evidence in support of an underlying trafficking defect in nef-containing cells in this model of pulmonary vasculopathy. Flores and colleagues are currently engaged in the isolation of HIV virus from AIDS patients with PAH or without PAH and carrying out genetic sequence analyses of the respective HIV-*nef* genes in order to help identify mutations that predispose toward PAH.\[[@ref79]\]

It has been recently reported that exposure of porcine pulmonary artery rings and human PAECs in culture to HIV-nef protein for 24 hrs led to decreased vasorelaxation, decreased eNOS expression, decreased eNOS antigen by immunohistochemistry and reduced NO bioavailability.\[[@ref80]\] It is an exciting possibility that reduced NO bioavailability subsequent to endosomal uptake of HIV-nef might mechanistically contribute to Golgi fragmentation in a manner similar to that observed after NO scavenging\[[@ref64][@ref74]--[@ref76]\] and it can be tested in future studies using the subcellular 3D imaging approach.

Defective trafficking of mutants of BMPR II {#sec2-5}
-------------------------------------------

The pioneering studies of Morrell and colleagues\[[@ref20][@ref43][@ref45]\] and of Nishihara and colleagues\[[@ref44]\] have drawn attention to the observations that several of the mutants of BMPR II found in patients with PAH show defective trafficking in their traverse from the ER to the Golgi and thence to the plasma membrane. Using green fluorescent protein (GFP) -tagged constructs of wt and mutant BMPR II species, Rudarakanchana *et al*.\[[@ref45]\] and Nishihara *et al*.\[[@ref44]\] showed the failure of several such mutants to traffic to the plasma membrane. BMPR II proteins containing mutations in the conserved Cys residues in the ligand binding remained increasingly trapped in the ER and the Golgi apparatus, while those with mutations in the kinase domain appeared to traffic to the plasma membrane but displayed reduced BMP/Smad signaling. However, all mutants investigated showed a gain in function involving upregulation of p38^MAPK^-dependent proproliferative pathways.\[[@ref20][@ref81]\] Chemical chaperones (thapsigargin, glycerol or sodium 4-phenylbutyrate) increased the trafficking of the C118W BMPR II mutant to the cell surface, accompanied by enhanced BMP/Smad signaling.\[[@ref82]\] However, several parts of the puzzle of how mutations in BMPR II eventually lead to PAH disease manifestations include (1) the incomplete and delayed penetrance,\[[@ref17]--[@ref20]\] (2) the gender dependence,\[[@ref17]--[@ref20][@ref83]\] (3) the postulated roles of additional unknown genetic and/or environmental factors,\[[@ref17]--[@ref20]\] and (4) that in some cases of PAH, there are reduced levels of BMPR II and reduced BMP/Smad signaling even though there are no mutations in BMPR II.\[[@ref84]\]

The consequences of mutations in BMPR II on the trafficking of other vasorelevant proteins (such as eNOS) and receptors (such as gp130 or IL-6R or VEGFR) in trans have not been adequately investigated. Moreover, since Smad signaling is obligatorily dependent on membrane-associated endocytic pathways for transcriptional signaling,\[[@ref11][@ref13][@ref69]\] it is important to consider the dependence of this inward signaling on the integrity of the underlying vesicular transport and fusion machineries. Perhaps, defects in the retrograde membrane-associated trafficking pathways might explain defects in BMP/Smad signaling in IPAH despite a wt BMPR II. The reduced expression of eNOS antigen in arterial endothelium in lungs of BMPR II mutant transgenic mice subjected to hypoxia\[[@ref85]\] suggests a multifactorial pathophysiology. As this review makes clear, reduced NO bioavailability, hypoxia and mutations in BMPR II all affect intracellular trafficking pathways.

Estradiol and trans-Golgi trafficking {#sec2-6}
-------------------------------------

There is a gender bias in the development of IPAH with the female to male ratio recently quoted as 1.64--3.88:1.\[[@ref83]\] Familial PAH due to mutations in BMPR II also appears to have an earlier onset in women.\[[@ref17]--[@ref20][@ref82]\] However, it has been long known that in the case of the MCT/rat model, the situation is the opposite -- estradiol-17β and related compounds inhibit the development of PAH.\[[@ref86][@ref87]\] In this context, it is worth noting the studies of Greenfield *et al*.\[[@ref88]\] who investigated the mechanisms by which estrogen therapy reduced the risk of Alzheimer\'s disease in post-menopausal women, β-amyloid burden in animal models of Alzheimer\'s disease, and secretion of β-amyloid peptides by neuronal cells. These investigators observed that estradiol-17β stimulates trans-Golgi network (TGN) biogenesis including increased TGN phospholipids levels, recruitment of soluble Rab 11 to the TGN and regulating traffic within the late secretory pathway.\[[@ref88]\] Earlier, Hendrix *et al*.\[[@ref89]\] reported the effects of estrogens and progestins and their antagonists in modulating the intracellular trafficking of integral membrane proteins. We have recently discovered two specific estrogen-binding proteins in the Golgi apparatus of human PAECs and PASMCs that await further characterization(Lee JE, Sehgal PB, unpublished data). There is thus a growing nexus of data pointing to the ability of estrogens in regulating intracellular trafficking, in particular, through the Golgi. The ability of estrogens to regulate intracellular trafficking remains unexplored in the context of PAH.

A LOOK AHEAD {#sec1-6}
============

We have been struck by the presence of almost all of our current ideas already extant in the PAH and related literature extending back over the last four decades. The EM data of Heath and colleagues,\[[@ref26]--[@ref28]\] and others clearly pointed to defects in intracellular trafficking in cells in pulmonary vascular lesions in IPAH. From our perspective, we have added a vocabulary long established in cell biology in terms of the molecules and machineries that mediate and regulate intracellular trafficking and targeted vesicular transport to consideration of role(s) in the pathogenesis PAH. In doing so, our focus remains on the subcellular mechanisms at the level of cytoplasmic organelles and trafficking, which might contribute to the net consequence of vascular remodeling observed in PAH. We clearly envisage such contributions to be at multiple levels in terms of anterograde and retrograde trafficking and in the regulation of cell motility and cell mitosis. Consequences of such dysfunctions would be widespread changes in the cell surface texture and landscape of the affected cells, leading to global changes in cell surface receptors, cell surface ligands, signaling pathways, the unusual secretory phenotype, prothrombogenicity and lumen closure \[[Figure 2](#F2){ref-type="fig"}\]. A separate major line of research with a focus on subcellular organellar biology not addressed in the present review involves the role of mitochondria in pulmonary vascular remodeling.\[[@ref90]\] Elucidating how each of these changes fits into the multifactorial context of hypoxia, reduced NO bioavailability, mutations in BMPR II, modulation of disease penetrance and gender effects in disease occurrence in the pathogenesis of PAH is part of the road ahead.
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